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ABSTRACT 

We use Hubble Space Telescope imaging to measure the absolute proper motion of the hypervelocity 
star (HVS) HE 0437—5439, a short-hved B star located in the direction of the Large Magellanic Cloud 
(LMC). We observe i^^a,^J's) = (+0.53 ± 0.25(stat) ± 0.33(sys),+0.09 ± 0.21(stat) ± 0.48(sys)) mas 
yr~^. The velocity vector points directly away from the center of the Milky Way; an origin from the 
center of the LMC is ruled out at the 3-cr level. The flight time of the HVS from the Milky Way 
exceeds its main-sequence lifetime, thus its stellar nature requires it to be a blue straggler. The large 
space velocity rules out a Galactic-disk ejection. Combining the HVS's observed trajectory, stellar 
nature, and required initial velocity, we conclude that HE 0437—5439 was most likely a compact 
binary ejected by the Milky Way's central black hole. 

Subject headings: Galaxy: center — Galaxy: stellar content — Galaxy: kinematics and dynamics — 
(galaxies:) Magellanic Clouds — stars: individual (HE 0437—5439) 



1. INTRODUCTION 

Hypervelocity stars (HVSs ) are stars escaping the 
Milky Way. Predicted by iHiUsI (|1988[ ) as a natu- 
ral consequence of the massive black hole (MBH) in 
the Galactic center, HVSs were first discovered by 
I Brown et al.l (|2005j). The proposed ejection mechanism 
is a three-body interaction between b inary stars and 
a MB H, or possibly a pair of MBHs (|Yu fc Tremaind 
120030 ■ that ejects HVSs from the Milky \y ay at a rate 
of 10-3 to 10"^ yr-i (jPerets et al.l [20071) . Approxi- 
mate ly 5% of HVS ejectioiis shoul d be compact bina- 
ries (|Lu et all I2007t (Peretsl l2009b[ ). At least 14 un- 
bound stars h a.ve now been discove re d in a ta rgeted sur- 
vey for HVSs (IBrown et al.l[2006al lbl. [2007allbl . l2009l) and 
another 3- 5 unbo und stars discovered in other surveys 
dEdclman n et al.l [2 005: Hir sch et all 120051 iHeber et al.l 
[2OO81: iTilhch et all i2009i: ilrrgang et al.l I20m Unhke 
high proper-motion pulsars, which are the remnants of 
supernova explosions, known HVSs a re mostly B-type 



main-seq uence stars ( j Fuentes et al.li2006: Bonanos et al 
2008; Lo pez- Morales fc BonanosI l2008t [Przvbilla et al 
2008ai| bV Similar B stars are ob served in short- 
period orbits around the central MBH (jGhez et al.ll2008l : 
iGillessen et al.r 2009') and may be the forme r compan- 
ions of HVSslCould & Ouillcn 2003; Ginsbu TTfcLoebl 
|2006[) . But, until now, the evidence linking HVSs to the 
Galactic center has been indirect. 

One of the most int riguing HVSs is HE 0437-5439 
JjEdelmann et al."2005'), called HVS3 in the catalog of 
[Brown ct al. (2009). HVS3 is a 9 M© B star located 
16° from LMC on the sky. It has a heliocentric radial 
velocity of -1-723 km s"^ and a heliocentric distance of 

[wbrown@cfa.harvard.edu, jayander@stsci.edu, ogned in@umi ch.edu ' 

^ Based on observations with the NASA/ESA Hubble Space 
Telescope obtained at the Space Telescope Science Institute, 
which is operated by the Association of Universities for Research 
in Astronomy, Inc., under NASA contract NAS5-26555. 



61 kpc. The flight time of HVS3 from the Milky Way 
is about 100 Myr, substan tially more than its :^20 Myr 
main-sequence lifetime. Ed elmann et al.l (|2005[ ) consider 
the possibility that HVS3 was ejected from the Milky 
Way as a binary and evolved into a 9 Mq blue straggler, 
but conclude that an ejection from the LMC is more 
likely. 

An LMC origin re quires that HVS3 wa s ejected at 
nearly 1000 km s^^ (jPrzvbilla et al.ll2008af ). a velocity 
comparable to the ^1000 km s"^ escape velocity from the 
surfac e of the 9 Mq star. iGualandris fc Portegies ZwartI 
(|2007f ) suggest that an intermediate-mass black hole 
(IMBH) in a massive young LMC star cluster can pro- 
vide the required ejection velocity without disrupting the 
star. Alternatively, Gvaramadze ct al. (2008, 2009) sug- 
gest that HVS3 was ejected by a stellar binary-binary 
encounter involving >100 Mq stars. The full space mo- 
tion of HVS3 constrains its origin. 

We use the Hubble Space Telescope (HST) to measure 
the absolute proper motion of HVS3, the first result from 
an astrometric campaign to measure proper motions for 
all HVSs. The velocity vector of HVS3 points directly 
from the Galactic center. Summing the random and sys- 
tematic proper motion errors, an origin from the center 
of the LMC is ruled out at the 3-cr level. We bring to 
bear three observations to restrict the origin of HVS3: 
its trajectory, stellar nature, and required initial veloc- 
ity. We rule out a Galactic-disk ejection, and conclude 
that HVS3 was once a binary ejected by the Milky Way's 
central MBH as proposed bv lF'eretsI (|2009bf ). 

2. PROPER MOTION 

We measure the proper motion of HVS 3 using two 
epochs of HST Advanced Camera for Surveys (ACS) 
imaging obtained on 2006 Jul 8 and 2009 Dec 23. Each 
epoch consists of six dithered ~5 min exposures in the 
F850LP filter, designed to maximize the signal of the 
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Figure 1. Top row: Uncorrected thumbnail images from epocli-2 showing, from left to right, warm pixels, a bright star, a faint star, and 
a faint galaxy. CTI trails in the (vertical) readout direction are present in all objects. Bottom row: Corrected images, showing CTI trails 
restored to their rightful pixels. Readnoise is slightly amplified because the CTI correction is a mild deconvolution, but this adds very little 
random error to the astrometry. 



background galaxies and to prevent the bright HVS from 
saturating. 

Charge-transfer inefficiency (CTI) is the largest source 
of uncertainty in our proper motion measurement. Phys- 
ically, CTI is due to pixel defects temporarily trapping 
electrons as they are shifted across the detector during 
readout. The consequence is image distortion (seen in 
Figure [T|) : up to 20% of a background galaxy's electrons 
can be tr ailed across neighbo ring pixels in the readout 
direction (jAnderson fc Bedinll2010l) . We can minimize 
the effects of CTI by obtaining images at the same tele- 
scope orientation, but unfortunately our epoch-2 images 
had to be rotated by 180° relative to our epoch-1 im- 
ages because the epoch-1 guidestars were no longer avail- 
able. This mis-orientation magnifies the CTI effect and 
requires that we correct for it. 

We us e a pixel-based CT I corr ection recently devel- 
oped bv lAnderson fc BedinI ()2010t ). Application of this 
technique to a 47 Tuc field demonstrates that it mitigates 
CTI errors to better than 75% in terms of photometry, 
astrometry, and shape. Figure [T] illustrates the results of 
CTI correction in one of our epoch-2 images. We apply 
55% of the epoch-2 CTI correction to the epoch-1 images, 
because ACS had been in space about half as long. A 
study of the warm pixels in dark frames contemporane- 
ous to epoch-1 validates this strategy. If we perform no 
correction for known CTI effects, we would measure the 
wrong location for IIVS3: its displacement would shift 
1.8 mas yr""'^ north and 1.2 mas yr~^ east. 

We begin our astrometric measurement by stacking 
the epoch-2 images, using bright stars to transform the 
six expos ures into a com mon distortion-corrected frame 
(JAnderson fc Kin3 I2OO60 . We supersample this frame 
2 times relative to the ACS pixel scale. We select 17 
stars and 18 compact galaxies and use their stacked im- 
ages as templates. The templates enable us to measure a 
consistent position for each object in each exposure (see 
iMahmud fc Anderson| [2008'). We then define an abso- 
lute frame with north up, east on the left, and a scale 
of 50 mas pix~^. We use the pipeline _drz images from 
epoch-1 to measure rough positions for each galaxy and, 
using the galaxies alone, we determine the transforma- 
tion from the distortion-corrected frame (Anderson fc 



King ISR/ACS 04-15) of each exposure into this abso- 
lute reference frame. We refine the reference frame and 
the transformations by taking the average transformed 
galaxy positions as the new galaxy positions and iter- 
ating. A few iterations yield a set of 11 high-quality 
galaxies with RMS position errors <12 mas in the ref- 
erence frame and <18 mas residuals in each individual 
frame where they are well measured. 

We base our final astrometric transformations exclu- 
sively on the positions of the 11 high-quality galaxies; 
thus inter-epoch displacements in our reference frame 
correspond directly to HVSS's absolute proper motion. 
Figure [2] plots the 36 displacements found from com- 
paring each of the six epoch-1 images against each of 
the six epoch-2 images. The average displacement is 
0.0375±0.017 pix over the 3.46 yr baseline, which cor- 
responds to (/xa, fJ-s) = (+0.53 ± 0.25, -1-0.09 ± 0.21) mas 
yr~^. Here we quote the 1-a error-in-the-mean, calcu- 
lated under the conservative assumption that there are 
6 independent epoch-1 - epoch2 differences. As a check, 
we compute HVS3's displacement using two bright galax- 
ies directly east and west of the object and find an an- 
swer consistent at the 1-a level. The statistical error-in- 
the-mean is an underestimate of the total uncertainty, 
however. The CTI correction may be off by as much as 
25%; we conservatively estimate a 1-a systematic error of 
±0.58 mas yr^^ in the readout direction, oriented 34.17° 
east of north. 

We transform IIVS3's observed heliocentric motion 
into the Galactic rest frame assuming a circular veloc- 
ity of 220 km s^^ and a solar motion of {U,V,W) = 
(11.1,12.24,7.25) km s'^ per iSchonrich et al.l (f2010l) . 
The Galactocentric velocity components are thus 
(C/, V, W) = (-119, -400, -355) km s'^. 

3. TRAJECTORY 

We calculate the trajectory of HVS3 with r espect to 
the Milky Way and LMC using the lKenvon~era l. (2008| ) 
three-component potential model. This model uses a cir- 
cular velocity of 220 km s~^ at the solar radius and as- 
sumes a total stellar mass of 4.4 x 10^" Mq and a dark 
matter halo virial mass of 1 x lO'^^ M© with a scale ra- 
dius of 20 kpc. The details of the mass distribution are 
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Figure 2. Mean proper motion of HVS3 (solid square) and the 
distribution of proper motions {open squares) measured from the 
individual epoch-1 and epoch-2 images. The l-cr statistical un- 
certainty (plus sign) and systematic uncertainty (solid line) are 
indicated, as well as the full CTI correction (dotted line). We also 
show the locus of proper motions with trajectories passing within 
8 kpc of the Milky Way center (lower ellipse) and within 3 kpc of 
the LMC center (upper ellipse) at the time of pericenter passage. 
HVS3's velocity vector points from the Milky Way; an origin from 
the center of the LMC is ruled out at 3-a (systematic). 

not very important because HVS3 spends most its time 
traveling th rough the outer halo; a cross-check using the 
iGnedin et al. (2005) potential yields identical results. 

We account for the changing position of the LMC in all 
of our calculations. We assume the LM C currently has 
the loc ation and line-of-sight velocity fr omlvan der MareJ 
(2001!) and the proper motion from iKallivavalil et al" 
([2006). We establish the LMC's location versus time 
by computing the LMC's orbit in our potential model. 
We then assign the LMC a point mass of 2 x 10^" M© in 
our calculations. 

To put the proper motion of HVS3 in context, we begin 
by computing trajectories for the full range of possible 
proper motions. The elliptical contours in Figure [5] show 
the locus of proper motions whose outbound trajectories 
pass within 8 kpc of the Milky Way center (lower ellipse) 
and within 3 kpc of the LMC center (upper ellipse) at 
the time of pericenter passage. We chose 3 kpc for the 
LMC because this radius encompasses the extent of the 
LMC bar, 85% of the LMC 's observed young stehar ob- 
jects ([Gruendl &: C hu'2009'). and all of t he young clus - 
ters proposed bv iGualandris fc Portcgies ZwartI (|2007f ) 
for the origin of HVS3. 

Figure [5] shows that the full space motion of HVS3 
points directly from the Milky Way. The Galactic center 
and most of the disk fall within the proper motion l-cr 
systematic error bar. An LMC origin, on the other hand, 
requires a large, northerly tangential motion ruled out at 
3-cr (systematic) or better. 

Next we consider the trajectory of HVS3 in physical 
space. Figure |3] plots the present location and computed 
trajectory for both HVS3 and the LMC in a Cartesian co- 
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RA (J2000) 


4:38:12.8 
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V (mag) 
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M (Mq) 
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IMa (mas yr~i) 
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ordinate system centered on the Milky Way. Arrowheads 
indicate the present direction of motion. 23 Myr ago, 
HVS3 passed within 13 kpc of the LMC. For comparison, 
the LMC's outermost st ars and star clusters are 10 kpc 
distant from the LMC (jvan der Marell 120011: IBica et al.l 
199^. 98 Mvr ago HVS 3 crossed the Galactic plane. 
McMillan fc BinnevI (J2010D argue that the Sun's circular 
velocity should be 240 km s~^ at Ro=8 kpc; this changes 
the flight time and Galactic plane-crossing location of 
HVS3 by <3 Myr and <1 kpc, respectively. 

To establish where HVS3 most likely crossed the Galac- 
tic plane, we propagate the measurement uncertainties 
(Table 1) through a Monte Carlo calculation. We as- 
sume that the uncertainties are Gaussian distributed, 
and calculate trajectories for 1 million random draws of 
HVS3's distance, radial velocity, and proper motion. Fig- 
ure [3] shows the resulting distribution of Galactic plane- 
crossing locations: the ellipses show the 1-, 2-, and 3-cr 
levels of the distribution, considering all the errors simul- 
taneously. The ±9 kpc distance uncertainty is a domi- 
nant source of error. The origin of HVS3 is formally 
consistent with both the Galactic center and the Galac- 
tic disk based on its trajectory alone. 

4. STELLAR NATURE 



iBonanos et all ()2008[ ) and iPrzvbilla et"all ()2008aD in- 
dependently measure solar Fe and half-solar C, N, O, 
Mg, Si abundances for HVS3. The observed abundance 
pattern is consistent with an LMC or a Milky Way outer 
disk origin, however the pattern is also consistent with 
a G alactic center origin wi thin the 1- to 2-cr uncertain- 
ties (jPrzvbilla et al.ll2008aD . If HVS3 is a blue straggler, 
on the other hand, it is unclear what abundance pattern 
we should expect. Fortunately, the kinematics paint a 
cl earer picture. 

IBonanos et "all ()2008[ ) and IPrzvbilla et al.l (|2008aD find 
that the surface gravity, effective temperature, and ro- 
tation of HVS3 are those of a 9 M© main-sequence star 
with a lifetime of ~20 Myr. This lifetime, combined with 
its 98±17 Myr flight time from the Milky Way, requires 
that HVS3 is a blue straggler. 

Blue stragglers are ubiquitous in globular clusters, 
open clusters, and in the "field" of the Milky Way: half of 
all A-type stars in the st ellar ha lo are main-sequence blue 
stragglers (e.g Wilhelm et al.l \T999: Preston &: SncdenI 
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Figure 3. Trajectory of HVS3 (solid line) and LMC (dotted line) over the past 98 Myr plotted in physical Cartesian coordinates centered 
on the Milky Way. Symbols mark the present position of HVS3 (star), the LMC (open circle), and the Sun (0). Arrowheads indicate the 
present direction of motion. The Milky Way disk is indicated by a 20 kpc radius circle; the LMC is indicated by a 3 kpc radius circle. 
The likelihood of HVS3's Galactic plane-crossing is plotted for l-tr (magenta ellipse), 2-a (cyan ellipse), and 3-cr (yellow ellipse) levels in 
the upper left panel. The separation of HVS3 and the center of the LMC (dashed line) and the l-tr (magenta hand), 2-cr (cyan band), and 
3-cr (yellow band) distribution of separations are plotted in the upper right panel. All errors, statistical and systematic, are considered 
simultaneously. 



120001 iBrown et al']|2008[ ). Blue stragglers probably form 
by either binary mass transfer or mergers (]Bailyn."1995!) . 
The resulting blue straggler then evolv es quite normall y 
as a main-sequence star of higher mass (jSills et al.ll2009( ). 
For HVS3, the implication is that a pair of 4.5 Mp, stars, 
with main-sequence lifetimes of 160 IVIyr (jGirardi et alj 
120021) ■ evolved and merged during their 98 Myr flight 
time from the Milky Way. 

The only alt ernative is that HVS3 is a post main- 
sequence star (iDemaraue fc ViramI 120071 ). However, 
lEdelmann et al.1 ()2005[) show that HVS3's log g is too low 
for its temperature, and its rotation too large, for it to 
be a horizontal branch (HB) star. Alternatively, HVS3 
could be an AGB-manque star, a post-HB star with 
too little hydrogen to reach the asymptotic giant branch 
(AGB), or a post-AGB star. Evolutionary tracks show 
that AGB-manque and post-AGB stars spend 10^ yrs at 
HVS3's Toff and log 5, with approximatel y one-tenth th e 
luminosity of a main-sequence star (Dorman et al. 1993). 
Thus in both the AGB-manque and post-AGB scenarios, 
HVS3's lifetime constraint is relaxed but the star is still 
approaching the LMC. The AGB-manque and post-AGB 
interpretations are problematic, however. HVS3 rotates 
too rapidly for such an evolved star. In addition, the 
joint probability of finding a star in a rare evolutionary 
phase that lasts <10~^ of the star's lifetime and that 
is also a HVS (~10"'^ of Milky Way stars are HVSs) is 
very small. We find no compelling reason to contradict 
the observed main-sequence nature of HVS3, and assume 
that HVS3 is a blue straggler. 



5. ORIGIN 

Because HVS3 is a blue straggler with a main-sequence 
lifetime less than its fiight time, it must have been ejected 
from the Milky Way as a binary system that subsequently 
merged during its fiight. 

It is difficult, however, to eject a binary with the nec- 
essary velocity from the disk of the Milky Way. The 
trajectory of HVS3 crosses the disk at 820 km s~^. In 
comparison, a pair of 4.5 Mq stars with 3.4 R0 radii and 
separated by 8.5 R© (their Roche-lobe overfiow separa- 
tion) have an orbital velocity of 320 km s~^. Thus a 820 
km s~^ kick exceeds by 2.5 times the orbital velocity of 
a pair of 4.5 M© stars in a compact binary, and it also 
exceeds the 710 km s~^ escape velocity from the surface 
of a 4.5 M© star. Thus any stellar dynamical mechanism 
that might have ejected the progenitor binary from the 
disk would have destroyed the progenitor. 

Ejecting a binary at 820 km s""'^ likely requires a more 
massive and compact object, such as a MBH. Two pro- 
posed mechanism s are: a binary MBH that ejects stellar 
binaries as HVSs (jLu et al. 2007), a nd a siiigle M BH that 
ejects binaries by triple disruption (|Peretsll2009bV 

Provided that the separation between a pair of MBHs 
is substantially larger than the tidal disruption distance 
of binary stars, ILu et al.l (J2007D estimate a that a binary 
MBH ejects >50% of incoming binaries with v > 900 km 
s^^. They pr edict that HVS binaries comprise 3-5% of 
all HVSs. Sesana et al.l ()2009) find similar HVS binary 
frequencies based on more detailed simulations, although 
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iPeretsI (|2009aD argues this may be an overestimate. Inter- 
estingly, the 16-19 HVSs observed to date are consistent 
with finding 1 HVS binary. In the context of HVS3, the 
binary MBH scenario implies that an IMBH in-spiraled 
into the Milky Way's central MBH about 100 Myr ago. 

Perets (2009b ). on the other hand, argues that HVS bi- 
nary ejection is the natural consequence of a single MBH 
disrupting triple stars. For context, essentially all O and 
B stars are observed in binaries, and half of the bina - 
ries are equal mass twins (jPinsonneault fc Stanekll2006l ). 
Hierarchical triples are stable if the outer binary has a 
much larger s eparation than the inner compact binary; 
IPeretsI (|2009br ) shows that a MBH interaction can disrupt 
the outer binary while the inner binary remains bound. 
Perets estimates that 3-5% of HVS ejections will be HVS 
binaries from disrupted triples. Because the ejected bina- 
ries are compact, most wil l undergo t ype- A mass trans- 
fer and merge. Thus the IPeretsI (J2009b) triple disrup- 
tion mechanism also explains the blue-straggler nature 
of HVS3. 

If HVSs originate from the Galactic center, it appears 
inevitable that some HVSs will be binaries. We estimate 
the likelihood of HVS3 be ing a (former ) binary by looking 
at the complete survey of lBrown et al.l (|2007bl ). who infer 
96±20 3-4 Mq HVSs are located within 100 kpc of the 
Galactic center. If 5% of HVS ejections are binaries, then 
there should be 5 HVS binaries containing ~4 Mq stars. 
Assuming these (necessarily compact) binaries all evolve 
to form a ~8 Mq blue straggler with a lifetime of 30 Myr, 
we expect 30 Myr / 160 Myr = 20% in the blue-straggler 
phase, or about 1 star on average. We conclude that the 
stellar nature and kinematics of HVS3 are consis tent with 
it bein g an ejected HVS b inary as proposed by iLu et al.l 
(pool and IPeretsI (|2009bn . 

6. CONCLUSION 

We measure the proper motion of HVS3 and find that 
its velocity vector points from the Milky Way. An origin 
from the center of the LMC is ruled out at 3-cr (sys- 
tematic). Because HVS3's travel time from the Milky 
Way exceeds its main-sequence lifetime, it must be a 
blue straggler whose progenitor was ejected from the 
Milky Way as a binary system. The star's abundance 
pattern is ambiguous, but the kinematics are clear. The 
finite size of stars imposes a velocity constraint that rules 
out a disk ejection. Combining the observed trajectory, 
stellar nature, and required initial velocity, we conclude 
that HVS3 is a former binary ejected by the MBH in the 
Galactic center. In the future, a 3rd epoch of imaging 
will greatly improve the proper motion constraint: dou- 
bling the time baseline will halve the internal error, and 
matching the image orientation will reduce the system- 
atic error by 67%. 
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